Energy Transfer to Optical Microcavities With Waveguides
Introduction
Optical microcavities store light in small volumes by resonant recirculation of photons ͓1,2͔. Resonance quality is described by the cavity quality ͑Q͒ factor, which is proportional to the photon confinement time. Q Ͼ 10 9 has been observed at red and nearinfrared wavelengths in fused-silica submillimeter particles ͓3,4͔. Devices based on high-Q optical microcavities are already indispensable for a wide range of fundamental research and emerging applications ͓5͔. For example, they are used in strong-coupling cavity quantum electrodynamics and applications to quantum information studies ͓6͔, in developing efficient microlasers that offer enhanced functionality ͓7͔, in optical communications ͓8,9͔, in high-resolution spectroscopy ͓10͔, and in miniature sensor technologies ͓11,12͔, to name a few.
Whispering-gallery mode ͑WGM͒ optical cavities are typically dielectric circular structures in which waves are confined by repeated total internal reflection ͑TIR͒ at the curvilinear boundary so that the electromagnetic ͑EM͒ field can close on itself at some specific frequencies, giving rise to resonances ͓2͔. An ideal cavity would confine light indefinitely ͑i.e., without loss͒ and would have resonance frequencies at precise values ͑i.e., extremely narrow linewidth͒. In practice energy losses exist due to material absorption, scattering, or diffraction as a result of surface roughness or material inhomogeneity ͓2,13͔. Ultimately the photon lifetime in a resonating cavity is limited, allowing the radiation eventually to leak out or be absorbed.
It is well known that WGM optical resonances are morphology dependent ͓1͔. If the cavities are in the micrometer level, one obtains a very small mode volume and a high finesse. Microscale cavities ensure that the resonant frequencies are more sparsely distributed throughout the cavity-size-dependent resonant optical spectrum than they are in corresponding mesoscale cavities ͓5͔. The demand of miniaturization in electronic and photonic devices has been rapidly increasing in recent years.
Different from Mie resonances in microspheres, which are observable by means of elastic and inelastic scattering of free-space beams, high-Q WGM resonances are not accessible by free-space beams and, therefore, require employment of near-field couplers. Numerous coupling devices, such as high-index prisms with frustrated total internal reflection ͓14͔, side-polished fiber couplers ͓15͔, optical fiber tapers ͓16͔, and waveguides ͓17,18͔, have been considered. The principle of all these devices is based on providing efficient energy transfer to the resonant EM waves in the resonator through the evanescent field of a guided wave or a TIR spot in the coupler. It is evident a priori that efficient coupling can be expected on fulfillment of two main conditions: phase synchronism and significant overlap of the two evanescent fields in the gap between the microcavity and the coupler. Thus, the nanometer to sub-micrometer gap that separates the microcavity and coupler is a critical parameter that affects the energy transfer and coupling efficiency.
However, little attention has been paid to the micro/nanoscale energy transfer in optical microcavity devices. It was difficult to control the small gap between a microcavity and a micro-coupler. For the sake of experimental measurement, many researchers ͓19͔ considered close contact between a resonator and its coupler. Recent advances in the technology of nanofabrication offer the possibility of manufacturing new optical devices with unprecedented control. It is now feasible to consider optical microcavities, light couplers, and coupling gaps having physical dimensions in nanoand micrometer levels. Dimensions of 100-200 nm are routinely achieved in the manufacturing of integrated circuits. Nanofabrication techniques allow the realization of semiconductor microcavities with evanescent wave coupling to microscale waveguides across nanoscale air gaps ͓10,18͔. With high-quality etching, the scattering loss can be minimized to achieve simultaneously a high Q and a high finesse.
Radiative energy transfer, which involves photon transport and EM wave interaction with matter, is an important heat transfer mechanism. Thermal radiation transfer based on the radiative transfer equation is well summarized in comprehensive textbooks ͓20,21͔. Several specific criteria have been established by some excellent reviews ͓22-25͔ to delineate the micro/nanoscale and the meso/macroscale radiation regimes. Maxwell's EM theory ͓26͔ is commonly utilized to describe radiation energy exchange in micro/nanometer levels ͓27͔. The increasing demand for small structures and devices opens up many new opportunities and challenges in micro/nanoscale heat transfer ͓28-30͔.
In this manuscript, we will study the micro/nanoscale radiation energy transfer in optical microcavities coupled with lightdelivery waveguides. Maxwell's equations that govern the energy exchange and EM wave propagation in the microstructures will be solved via the finite element method. Emphasis will be placed on investigating the characteristics of energy transfer and coupling from the waveguides to the microcavities, the energy storage capacity of resonant microcavities, and the quality of resonances.
Mathematical Formulation
Consider an optical microcavity coupled with a light-delivery waveguide as shown in Fig. 1 . A small air gap separates the microcavity from the waveguide. A laser beam is focused into the microscale waveguide and the light will be confined inside the waveguide. If the refractive index of the microcavity is very close to that of the waveguide, however, photons will tunnel from the waveguide to the microcavity. The photons in the microcavity are confined by TIR at the curvilinear boundary when the refractive index of the microcavity is larger than that of the surrounding medium such as air. After repeated TIRs, if the EM wave returns to its starting point in phase, WGM resonance occurs. Under resonances, the energy transfer and coupling from the waveguide to the resonator become very powerful.
The microcavity-waveguide device is made of a dielectric material, which is assumed to be linear and isotropic. The EM wave propagation and photon tunneling in the device can be described by the time-dependent Maxwell equations ͓26͔ as
For time-harmonic waves, Ē ͑r , t͒ = Ē ͑r͒e it . The Maxwell equations are then simplified to Helmholtz equations as follows:
in which the complex permittivity ͓21͔ is introduced as
It is customary to introduce the complex index of refraction, m = n − ik. The relationship between cr and m is expressed by
Under WGM resonances the EM field in a cylindrical microcavity typically consists of equatorial brilliant rings. The rings are located on the same plane as the waveguide. Further, the considered manufacturable microdisk/waveguide devices have a planar structure. So, it is feasible to use a two-dimensional theoretical model. In the present calculations we consider the in-plane transverse electric ͑TE͒ waves, where the electric field has only a z-component and it propagates in the x-y plane. Thus, the fields can be written as:
At the interface and physical boundaries, the natural continuity condition is used, i.e.,
When solving for Ē , n ϫ H = 0 is the natural continuity condition for the tangential component of the magnetic field. For the boundaries of the calculation domain, the low-reflecting boundary condition is adopted. The low-reflecting condition means that only a small part of the wave is reflected, and that the wave propagates through the boundary almost as if it were not present. This condition can be formulized as
͑7͒
The light source term E 0z , which propagates inwards through the entry of the waveguide, can be treated as an electrically lowreflecting boundary expressed by
͑8͒
In the present computations, E 0z is assumed to be uniform and unity at the entry of the waveguide.
The quality factor Q is defined as a ratio of 2 stored energy to energy lost per cycle. It can be calculated by ͓26͔
where 0 is the resonant central frequency, ⌬ is the linewidth ͑full-width at half maximum͒ of the cavity resonance, and is the photon lifetime. According to Poynting's theorem ͓26͔:
͑10͒
The quantity S = Ē ϫ H is called the Poynting vector, which has the same dimensions as the heat flux and a direction pointing to the direction of wave propagation. The term on the left-hand side of Eq. ͑10͒ represents the radiative losses. The first integral on the right-hand side represents the rate of change in total energy. The second integral on the right-hand side represents the resistive losses that result in heat dissipation. The total energy density can be denoted by
For dielectric materials, however, J = 0. Since the volume V is arbitrary, Eq. ͑10͒ can be simplified and cast into a differential continuity equation ͓26͔:
Numerical Models and Scheme
Versatile numerical approaches including the finite difference time-domain method ͓31͔ and the finite element method ͑FEM͒ can be employed for solving the above mathematical models. The FEM is very flexible in the treatment of irregular configurations such as the circular geometry of the microcavity. Thus, the inplane TE waves application mode of the commercial FEMLAB package ͑version 3.0͒ is employed for the finite element analysis in the current simulations. The details of the numerical scheme are not repeated here. Interested readers should refer to the manual of FEMLAB or our recent publications ͓12,32͔.
In the present study, three sets of microdisk and waveguide coupling systems are considered: ͑1͒ a microdisk 2 m in diameter is coupled with a waveguide 0.5 m in width; ͑2͒ a microdisk 5 m in diameter is coupled with a waveguide 1.0 m in width; and ͑3͒ a microdisk 10 m in diameter is coupled with a waveguide 2 m in width. The waveguides are straight. All the microdisks and waveguides are made of the same material ͑silicon nitride͒ and are assumed to have a constant refractive index of 2.01 against the excitation wavelengths ͑600-850 nm͒ and to be lossless. The surrounding medium is air. The gap is defined as the narrowest width between the microdisk and the waveguide. The gap varies between 0 ͑in close contact͒ and 1000 nm for each set of optical microcavity systems in order to study the gap effects.
The cavity system is modeled as a rectangular simulation domain. The dimensions of the simulation domains are 4.0 ϫ 5.5 m 2 , 8.0ϫ 8.7 m 2 , and 14ϫ 16 m 2 for the 2, 5, and 10 m diameter microdisk systems, respectively. The simulation domains are meshed by many triangle elements generated automatically by the FEMLAB in which a mesh gradient approach is adopted to deal with abrupt changes in sensitive areas like the vicinity around the periphery of the microdisk, the small waveguide, and the gap region. However, such an approach was not very satisfactory because a strong resonant EM field exists inside a ring close to the cavity periphery. To meet with this requirement, we divide the microdisks into two regions and use hierarchical meshing to scale the cavity down to two different spatial levels. The meshes in the ring region inside the microdisk periphery are locally refined. We have used such a meshing approach in all our previous studies where the microcavity size was not smaller than 10 m in diameter.
Exemplary meshes for the 2 and 10 m diameter microdisk simulation domains are shown in Fig. 2 . It is seen that an outer ring surrounding the 2 m diameter microdisk is considered. This outer ring is not physical. It is for the purpose of local mesh refining. As the microcavity shrinks, its curvature becomes large. Hence, energy "leakage" from the cavity surface due to scattering and diffraction increases. It is necessary to add an outer ring for local mesh refining for small microdisks such as the 2 and 5 m diameter microdisks. The results in Fig. 5 in the Results and Discussion section will confirm the necessity.
The numerical accuracy and sensitivity is examined using the 2 m diameter microdisk system. The considered gap is fixed at 100 nm. The concept of the maximum element size d max is introduced for the numerically sensitive subdomains including the inner ring, the outer ring, the photon tunneling gap, and the lightdelivery waveguide. Local mesh refining in these subdomains is needed. The size of any meshed element in these sensitive subdomains should not be larger than d max . In general, the number of elements generated depends on the d max value used. Smaller d max creates more elements and requires larger computer memory and longer CPU time. As a reward, it leads to more accurate simulation results. However, there should be a trade-off among memory consumption, CPU time, and calculation accuracy. In the present calculations, we used a DELL PC equipped with one 2.8 GHz CPU and 2.0 GB memory. The FEMLAB ͑version 3.0͒ was found to be able to utilize up to 1.5 GB memory under the Windows XP operation system. Transactions of the ASME We found that when d max equaled 0.04 m, the FEMLAB could generate 104,460 elements for the simulation domain of the 2 m diameter microdisk system, approaching to the memory limit of the PC used. The simulation results under this limit condition were the most accurate that we could obtain. In Fig. 3 , the relative errors of the stored energy calculated using different d max values are plotted as compared with the result in the limit condition. The 2 m diameter microdisk is under the first-order resonance at a resonance mode with wavelength around 823 nm. It is evident that the computational error is less than 5% when d max is below 0.1 m ͑ϳ1 / 8 wavelength͒. Figure 4 plots the curve of the normalized stored energy in the 2 m diameter cavity versus the element number used in the simulation domain. It is seen that the normalized energy storage calculated using more than 30,000 elements converges to a constant value at unity. Thus, the calculation convergence is excellent.
CPU time consumption is basically not an issue for an individual run of simulation in the present computations because each run only took several minutes in the PC. In order to get a precise resonance frequency, however, dozens of simulation runs are needed. Such computational procedures must repeat for each set of the optical microcavity systems with each individual gap value and at each resonant mode. The whole simulation procedure is very time consuming. Figure 5 illuminates the distributions of the electric field under a first-order WGM resonance for the three different optical microcavity systems. Figure 6 displays the corresponding energy density distributions. The electric fields are time-varying harmonic waves. The total energy densities are time averaged. The 2 m diameter microdisk is coupled with a 0.5 m wide waveguide through a 150 nm gap; the 5 m diameter microdisk is coupled with a 1.0 m wide waveguide through a 300 nm gap, while the 10 m diameter microdisk is coupled with a 2.0 m wide waveguide through a 500 nm gap. The resonance wavelengths are at 822.75, 807.735, and 801.1165 nm, respectively, for 2, 5, and 10 m diameter microdisk devices.
Results and Discussion
It is seen that a bright resonant ring with intensified electric field or energy density is formed inside the periphery of the microdisks. Thus, enhanced photon tunneling from the waveguides to the microcavities occurred under resonances. The majority energy is concentrated in the resonant rings. The ratios of the energy storing in the microdisk to that passing through the waveguide are 1.88, 49.43, and 938.44 for the 2, 5, and 10 m in-diameter microdisks, respectively. The energy storage capability soars with the increasing of the microcavity size because of increased volume and reduced energy leakage. One can see the obvious energy leakage from the 2 m diameter microdisk in Fig. 5͑a͒ . The effect of diffraction grows as the cavity shrinks. Comparing Figs. 6͑a͒-6͑c͒, it is found that the energy density in the resonant ring also increases as the cavity size increases. Under the considered conditions, the energy density in the resonant 10 m diameter microdisk is about three orders of magnitude larger than that in the resonant 2 m diameter microdisk.
Since the energy density is proportional to the square of the amplitude of the time-harmonic electric field, the contrast between the microcavity and the waveguide is stronger for energy density distributions than for electric field distributions. In order to see clearly the wave propagation and photon tunneling in the waveguide and gap, we use the harmonic E-field distributions to show the gap influence on the energy transfer in Fig. 7 for the 10 m diameter microdisk system. The gaps are 250 nm in Fig. 7͑a͒ and 750 nm in Fig. 7͑b͒ , respectively. The E-field for the same microdisk system with a 500 nm gap is already shown in Fig. 5͑c͒ . The resonant mode is at 801 nm wavelength. The propagation of the E-field in the waveguides in Figs. 7͑a͒ and 7͑b͒ is visible. The amplitude of the intensified electric field in the resonant rings depends on the gap value. It is seen that the EM field in the 10 m diameter cavity with the 500 nm gap is much stronger than those with the 250 and 750 nm gaps. In particular, the electric field in the waveguide in Fig. 5͑c͒ is extremely weak and nearly invisible. This means that the energy is almost completely coupled into the cavity. Thus, the gap dimension does substantially affect the energy transfer. An optimal gap for efficient energy transfer and coupling may exist! The stored energy inside a microcavity is integrated as the main variable used to investigate energy transfer and coupling efficiency. By drawing a curve of the stored energy against the change of gap width, one can find an optimal gap for maximum energy transfer and most efficient energy coupling. Figures 8͑a͒  and 8͑b͒ show the profiles of the stored energy versus the gap variation for the 10 and 2 m diameter microdisk systems, respectively. The simulated results are represented by the discrete symbols, while the continuous curves are fitted results. Two resonant modes for each cavity system are considered. For the 10 m diameter microdisk system, the resonance modes are at 801 nm ͑near infrared light͒ and 608 nm ͑yellow light͒. For the 2 m diameter microdisk system, the resonance modes are at 823 nm ͑near infrared light͒ and 605 nm ͑yellow light͒. As previously revealed, the capability of energy storage is predominantly determined by the cavity size. The stored energy in Fig. 8 is normalized by the respectively maximum stored energy for each individual resonant mode of the cavity. It is seen that the width of the curves of energy storage versus gap in Fig. 8͑a͒ is narrower than that of the curves in Fig. 8͑b͒ . This suggests that the energy coupling in the 10 m diameter microdisk system is more sensitive to the gap dimension as compared with the 2 m diameter microdisk system.
From Fig. 8 , it is clearly seen that an optimal gap dimension exists, which depends not only on the cavity size, but also on the resonance mode ͑wavelength͒. The optimal gap values can be estimated from the fitted curves in Fig. 8 and are listed in Table 1 . Those optimal gap widths represent the most efficient energy cou- It is easy to understand the reduction of energy transfer and coupling efficiency at gaps larger than the optimal gap, because it is well known that the strength of the evanescent field from a surface decays exponentially as a function of the distance to the surface. The longer the distance, the weaker is the strength. How can we understand the reduction of the energy coupling efficiency for gaps smaller than the optimal gap? From the viewpoint of the evanescent strength, a smaller gap has a stronger strength and closer overlapping of the two evanescent fields in the gap from the resonator and the waveguide, respectively. A smaller gap affords more opportunities to photon tunneling. Indeed, because of the enhanced photon tunneling, photons confined in the cavity tunnel back to the waveguide. This reverse energy transfer tends to reduce the energy coupling from the waveguide to the cavity. Gorodetsky and Ilchenko ͓14͔ experimentally observed a dip in the output intensity of a prism coupler in a fused-silica sphere with increasing gap from in-close contact. This provided experimental evidence for the reverse energy transfer analysis. Therefore, an optimal gap for most efficient energy coupling exists as a result of bidirectional energy transfer.
The gap effects on the resonance linewidth and resonance quality are presented in Fig. 9 for the 2 and 10 m diameter microdisk systems. The resonant mode is at 801 nm for the 10 m diameter microdisk system and at 823 nm for the 2 m diameter microdisk system. With increasing gap from zero ͑in close contact͒ to order of one optical wavelength of interest, the full-width at half maximum ͑FWHM͒ of the resonance band narrows and the Q factor increases. It is seen that the Q factor increases exponentially before the gap reaches to the optimal gap value, then slows down around the optimal gap range, and quickly reaches to an asymptotic limit ͑limit Q factor͒ when the gap approaches to the optical wavelength. As revealed in Fig. 8 , however, the resonant energy in the cavity is extremely weak when the gap is around one Fig. 5 The harmonic electric field distributions in the three optical microcavity systems: "a… the 2 m diameter microdisk system " = 822.735 nm, g = 150 nm…, "b… the 5 m diameter microdisk system " = 807.735 nm, g = 300 nm…, and "c… the 10 m diameter microdisk system " = 801.1165 nm, g = 500 nm… optical wavelength. Simultaneously considering Figs. 8 and 9, a trade-off exists between the requirements of energy coupling efficiency and Q factor. Depending on applications, an optimum gap may be selected between the optimal gap value for maximum energy coupling and one optical wavelength for maximum limit Q factor. Comparing Fig. 9͑a͒ with Fig. 9͑b͒ , it is seen that the maximum Q value for the 10 m diameter microdisk system is about four orders of magnitude higher than that for the 2 m diameter microdisk system. Hence, the limit Q factor is predominantly determined by the cavity size. It falls rapidly as the cavity size shrinks.
Conclusions
The whispering-gallery mode optical resonances and energy transfer were simulated for the three dielectric microdisk/ waveguide coupling planar structure systems with various submicron/nanoscale air gaps. The simulations were performed using the finite element analysis based on the FEMLAB. Accurate results are obtained when appropriate meshes are adopted. The computational error is found to be less than 5%, when the maximum element size is below 1 / 8 of the wavelength involved in the Fig. 6 The time-averaged energy density distributions in the three optical microcavity systems: the 2 m diameter microdisk system " = 822.735 nm, g = 150 nm…, "b… the 5 m diameter microdisk system " = 807.735 nm, g = 300 nm…, and "c… the 10 m diameter microdisk system " = 801.1165 nm, g = 500 nm… computationally sensitive regions such as the gap, the inner and/or outer rings close to the cavity periphery, and the waveguide. The convergence of the computations is excellent.
The energy transfer and coupling from the light-delivery waveguide to the microcavity are enhanced under resonances. A bright ring with intensified EM field and energy density is formed inside the periphery of the microdisk. The energy density in the resonant ring is a strong function of the cavity size. With increasing cavity size, both the energy storage capability and the limit Q factor soar rapidly. The stored energy as well as the limit Q factor is several orders of magnitude higher in the 10 m diameter microdisk system than in the 2 m diameter microdisk system.
The plots of the stored energy inside the microcavities against the gap width variation were obtained. An optimal gap dimension in which the energy storage in the cavity is the maximum ͑and thus the energy coupling is the most efficient͒ can be obtained from the plot. The optimal gap is a complicated function of the microdisk/waveguide configurations and the mode of resonance. It is also found that the energy transfer and coupling in a larger microcavity is more sensitive to the gap dimension. With increasing gap, the Q factor increases, while the FWHM of the resonant band decreases. The Q factor increases exponentially as the gap width increases from zero to the optimal gap value, and then quickly approaches to an asymptotic limit ͑the maximum limit Q factor͒ with the gap further increasing to one optical wavelength of interest.
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